Nature and the environment are affected by various human industrial and/or urban discharges. Remediation for this problem requires first and foremost an in-depth analysis and an overall characterization of the intrinsic properties of the pollutionreceiving environments. Secondly it is necessary to predict in these environments the behavior of dangerous chemical species (here particularly heavy metals) in the long term. This study focuses mainly on a detailed characterization of 4 soil samples sampled in vicinity of wild dump-BOULIMAT located 15 km west of the city of Bejaia-Algeria. The samples were characterised by atomic absorption spectrometry, X-ray diffraction, Fluorescence X and Infrared spectroscopy. The data showed high concentrations of metallic elements especially Zn (2,651.8 mg.kg -1 ) and Ni (163.44 mg.kg -1 ) in the soil samples. For their remediation, the stabilization/solidification (S/S) process with hydraulic binders appeared promising in reducing the polluting power of metal. This approach has considerably reduced the content of pollutants; 98 % removal was obtained for Ni and 99 % for Zn. The XRD analysis technique revealed the occurrence or absence of metallic elements in the crystallized phases.
Introduction
For a long time, waste and landfills have posed a serious problem leading to various environmental issues that industries have created, and developing several diseases including respiratory, dermatological or other. Human is the main driver of technological and scientific development through these innovations that make life simplier and easier, however, he is the main author of pollution generation at the scale industrial (mining, steel, etc.) or domestic (civil) such as household waste, hospital waste (Stuart et al. 1998; Sefouhi et al. 2010; Prasadini et al. 2014) . Wastes (solid, liquid, gas) produced are released into the environment in the form of landfills, which are mostly uncontrolled, and in the presence of water, air and in contact with the receiving environment, becomes an active source of pollution developing complex and toxic elements with high geochemical mobility (Sefouhi et al. 2010) , which are easy to transport and transfer (Prasadini et al. 2014) , contaminating all the environment of proximity (air, soil, waters) , thus influencing the life of the individual by the development of several diseases (cutaneous, pulmonary, neurological, etc.) causing an imbalance in the chain of life (Stuart et al. 1998; Sefouhi et al. 2010; Prasadini et al. 2014; Belebchouche et al. 2014) . A range of tests and experiments have been conducted in recent years on the analysis and characterization of waste, leaching and modeling of long-term waste behavior (Bozkurt et al. 2000) . Accordingly, this work has two objectives. The first is characterization of the site hosting the wild discharge of the region of BOULIMAT-Bejaia, which opens with all the types of rejections, by determining the physico-chemical parameters (pH, conductivity, moisture), amount of material and particle sizes (granulometry) (Qiao et al. 2007; Chikhi et al. 2012) , composition and chemical speciation (XRD, FX, FTIR, TCLP, AAS) (Windt et al. 2007 ) soils that define the nature and the intrinsic parameters of the discharges (Planel et al. 2004; Laforest et al. 2007) , the second objective is to study of the evolution of the soil stability by the addition of hydraulic binders (Zampori et al. 2009; Drouiche et al. 2019 ). The S/S method is an innovative method, which has been proven in the field by its treatment of more than 57 toxic elements (Gollmann et al. 2010; Du et al. 2010; Moussaceb et al. 2012; Moussaceb et al. 2013 ) by: (i) chemical stabilization of toxic element by adsorption and/or ion exchange which is the consequence of the formation of chemical bonds between the waste and the hydraulic binder (Fuessle et al. 2004; Moussaceb et al. 2012 ; EPA 2014), (ii) solidification by the transformation of waste into a solid monolith for the purpose of trapping contaminating species inside the cementitious matrices (Shi et al. 2004; Moussaceb et al. 2012; EPA 2014) thus reducing the mobility of toxic chemical species (EPA 2014) that focus primarily on the addition of a hydraulic binder (Portland cement) to contaminated soil (Moussaceb et al. 2012) . According to (Laurent et al. 2007 ) a study of S/S on samples of contaminated soil performed for 28 days to 1 year made the soil non-dangerous. Further (Rémillard 2012) , reported that the decontamination of the soil contaminated with Cd, Cr, Cu, Pb, Zn (Shannon, Municipality, Canada) with S/S showed very good trapping results even after a long leaching period. Tests conducted by Soliditech. Inc. on a site contaminated by Pb and PCB in the region Morganville, New Jersey (USA) demonstrates a good application potential of the method (Bisson et al. 2012) . Preliminary results of soil samples from the site examined in this work showed a high zinc and nickel content, thus presenting a site overload by these two elements.
The soil samples treated by the S/S process for a 28-day curing period, showed retention rates in Zn/Ni metals of up to 99 % in the cementitious matrices.
Experimental
For an eventual physico-chemical and mechanical analysis of our soil samples, an arsenal of standardized methods (FX, XRD, FTIR, AAS) as well as standardized tests (granulometry, humidity, electrical conductivity, pH, TCLP) were used to achieve our objectives, namely: (i) determination of the intrinsic properties of the contaminated soil samples, (ii) improvement of the trapping of heavy metals inside the cementitious matrices (Segolene 1992) .
Sampling
Sampling was carried out at the BOULIMAT-Bejaia landfill site after shovelling and evacuation of the first two centimeters with a stainless shovel, four soil samples to a depth of up to 40 cm were carried out according to the method of Targeted Sampling according to ISO 1993 and EPA 1991. The sampling points are shown in Fig. 1 and their coordinates in Table 1 (Pellet et al. 1993; Liliane et al. 2007; Bisson et al. 2012) . 
Determination of selected physical parameters
The soil samples were treated according to ISO 11464, which consists of drying in the open air for 15 days before proceeding to physico-chemical analyzes (Pellet et al. 1993 X31-101 (Violaine 2007; Bisson et al. 2012) .
Residual moisture measurement determined the dry mass lost of a soil sample dried at 103±3 °C whose mass is constant at 40 °C, according to AFNOR NF X31-102 (Segolene 1992; Marie et al. 2012) . pH (H2O) of soils was determined according to AFNOR X 31-103 recommends with the HANNA pH211 device (Segolene 1992; Liliane 2007; Kebir 2012) . Electrical conductivity was determined by the dissolution of a soil sample in water according to the solid/liquid ratio, and which is measured with the apparatus HANNA EC215, according to AFNOR NF X 31-113 (Segolene 1992) . / = 1/5 …………… (1)
Mineralogical composition -X-ray diffraction (XRD)
X-ray diffraction consists in the identification of minerals by electron bombardment in the form of electromagnetic waves, where the atoms follow a specific arrangement according to the crystalline planes following to the BRAGG law.
= 2 * Ɵ° ………… (2) wherediffraction order, -X-Ray wavelength, dinter-reticular distance, Ɵ° -Bragg Angle. The indexation of peaks allows the identification of mineralogical phases present by referring to the American Society or Testing Materials (ASTM) sheets. The diffractograms of our soil samples were obtained on the device after treatment with Panalatical X'pert Hight Score (Ministère du Développement Durable, de l'Environnement et des Parcs du QUEBEC 2010; Marie et al. 2012; Eti 2012; Moussaceb et al. 2019) .
Fourier Transform Infra-Red (FTIR) spectrometry
The FTIR is used to identify the functional groups existing within our soil samples following a vibrational transition interval between 4000 -400 cm -1 (Mejbri et al. 1995; Mounia 2013) with the spectrometer SHIMADZU IRAffinity-1S, samples preparation is made in KBr pellet.
Chemical composition
The simple extraction procedures are methods that run in one step, and those using several methods. These concluded: (i) X-ray fluorescence, which gives the proportions of the major elements as an oxide by bombardment of the sample surface with X photons, performed using the SKYRAY 7000XRF experimental setup. (ii) atomic absorption spectrometry (Thermo Scientific ICE 3000) was used for the quantification of trace elements present in soil samples to be treated and those after acid leaching preparation (Toxicity Characterisation Leaching Procedure -TCLP) (Bisson et al. 2012; Drouiche et al. 2019) .
Leaching tests
The TCLP-EPA 1311 test is a method used to evaluate the mobility of inorganic species in order to evaluate whether an industrial residue is considered as a dangerous leachable material or not.
It is carried out by dissolving a soil sample in a solution containing 2.572 g of sodium hydroxide and 5.7 mL of acetic acid with a solid/liquid ratio:
where the leachate recovered after filtration was analyzed for heavy metals by atomic absorption spectroscopy (AAS) (Lassin 2002; Liliane 2007; Moussaceb et al. 2019) .
Soil samples processing
Once the soil samples have been characterized, an operation of treatment was carried out, and for this purpose mixtures of several variation were established by addition of contaminated soil (between 0 and 40 %) and cement. The cement used in this study is Portland cement CEM I from Ain El Kbira, Algeria. Table 2 shows the formulations made in accordance with standard NF P 98-230-3 (Bozkurt et al. 2000; Prasadini et al. 2014) . The constituents were introduced into a mixer and mixed dry for 2 min. then they spread on a noncontaminating surface at the thickness of the largest grain and then the water is added by spraying and they are left for 28 days at a ambient temperature (20±3 °C) to undergo characterization tests, namely: XRD, FX, TCLP (Berger 2009 ). The realization of the mixtures soil/ cement is based on the report (Bouzeroura et al. 2018) .
The quantities of cement are fixed at 450 g and those of the soil are varied from 0 to 40 %. The quantities used are given in Table 2 . 
Results and Discussion

Characterisation of sampled, non-treated soil
Granulometry distribution was rather similar for tested soil samples (for EI shown in Fig. 2A ) from values of individual parameters ( These data point on a varied grain size, a spread and poorly graded distribution, and a ranking of the grain size on the coarse fraction side with a random arrangement of poorly sorted spheres. (Blott and Pye 2001; Jerome et al. 2012) . Thus, our samples represent a spreading and well graded particle size.
The results in Fig. 2B show the weight distribution of sample EI. Highly similar pattern was observed for the weight distribution of EII-EIV samples (data not shown). It is concluded that our soil samples have the same weight proportions with a high mass presence at mean diameters (2 and 1.5 mm). These represent respectively the intervals 2 -1 mm and d > 2mm, and which vary between 32.34 % -39.57 % and 25.4 % -32.25 %, respectively. According to the standard NF P18-560 and according to the classifications of Strakhov and Wentworth (Jerome et al. 2012) , it is concluded that our soil is coarse sand-type.
The main properties of soil samples are shown in Table 4 . The data show that the moisture content varies between 1.11 % and 3.10 %. These values are strongly linked to actual climatological factors during the moment of sampling just after the summer period of 2016/2017, as well as the presence of waste that makes the soil hydrophobic to water. According to Souhila (2005) the loss of mass in the soil does not only refer to water but also to the evaporation of volatile organic matter likely to intervene at 60 °C. The pH of soil samples varies between 8.05 and 8.25 (Table 4 ), suggesting that the soil is an alkaline soil (Marie 2009 ), favoured by the dominant geological formation of the study site which is calcareoussedimentary formation. According to Souhila (2005) basic pH values have been found in the geological state of the studied soil and which is alkaline. Furthermore, Kebir (2012) reports that the basic pH of soil samples of the landfill refers to biological activity in field. Fig. 3 . Infrared spectrum of soil samples from localities EI-EIV ( Fig. 1 ) before treatment.
The values of conductivities range from 519 to 1,173 mS.cm -1 , which is classified as slightly saline soil according to DURAN scale (Marie 2009 ). These values indicate a strong interaction between the salts present in the soil and the mineral character of the study site. Fourier transform infrared spectroscopy (FTIR) was applied to identify functional groups. The analysed soil samples have a high siliceous rock content, which has a vibrational domain at 2,100 cm -1 and 1986 cm -1 and then at 1,124 cm -1 and 1162 cm -1 . For calcareous rock, there are strong transition at 2506 cm -1 , 1,790 cm -1 and 1,400 cm -1 , whereas the vibrational plugs of the intermolecular water appear at 3,408 cm -1 , 3,364 cm -1 , 3,396 cm -1 and 3,378 cm -1 for samples EI, EII, EIII and EIV, respectively. The latter reappear at 1,637 cm -1 and 1,634 cm -1 for EII and EIII, respectively. Similar results were found from an FTIR characterization study on soil samples from southern Brazil (Dick 2003) . Table 5 summarizes the overall results for each soil samples. The infrared spectrum from soil samples is presented in Fig. 3 and corresponding functional groups are characterised in Table 5 . The presence of metal elements in small proportions in the form of traces has been observed. These results can be explained by the fact that the soil samples EI, EII and EIII were taken in places with a high presence of silica and alumina, resulting from the rejections of the discharge in question, which consist of glasses and aluminum, and their provenance from the mother rock of the region which is rich in silicates and aluminates. On the other hand, the results obtained in the soil sample EIV are confirmed by the fact that the sampling was carried out on the eastern periphery of the landfill and close to a limestone bed (aggregate quarry). The metallic trace elements found in these soil samples returned to the nature of the waste Table 5 . Infrared spectroscopy of the functional groups from soils samples using SHIMADZU IRAffinity-1S (Foil et al. 1952; Maglione et al. 1975) . Table 6 can be justified by acid rain, which frequently affects the region, thus promoting the migration of heavy metals through leachates that percolate from the landfill to the surrounding soil. According to Kebir (2012) the persistence of these metallic elements concentrations refers to the origin of the waste as well as to the industrial effluents discharged into the landfill. According to the XRD results, the soil has a similarity in initial mineralogical composition, which is a clay soil consisting mainly of quartz and calcite, with heterogeneity in the secondary phases that show contamination with heavy metals.
Soil Sample Wavelength
Examples include Dwornikite and Retgersite for EI and Wurtzite, Hopeite and Hetaerolite for EIII. The diffractograms of soil samples EI and EIII are shown in Fig. 4 , while the corresponding mineralogical phases are summarized in Table 7 . It is concluded that physico-chemical characterization study of the project site samples, which all the results obtained; converge towards the same conclusion suggest contamination of the site by zinc and nickel, posing a great danger to the environment, fauna and flora as well as to human health.
Characterization of S/S soil samples
Decontamination of the contaminated sites is impe-rative, therefore a soil process has been proposed, namely remediation by S/S process with hydraulic binders. After such treatment, FTIR analysis revealed the disappearance of several vibrational bungs and the appearance of others such as ettringite at 3,400 cm -1 and C-S-H at 1,400 cm -1 and 1,000 cm -1 (Fig. 5) . Further, the bung of calcite was detected. Similar results were found in a study reported by Catherine (2003) . The functional groups corresponding to data in Fig. 5 are given in Table 8 . The presence of SO3 in our S/S materials refers to the formation of the cement phase (ettringite) as well as the presence of sulphur in the soil and cement. The variation of the values of Si, Al, S and Ca refer to the hydration reaction between the materials of soil and those of hydraulic binder; they are mobilised to form hydrates of cements after S/S (Saussaye et al. 2016 ). On the other hand, the absence of the metallic oxides in the samples before S/S can be explained by the mechanism of substitution of elements with those of cement and which made it possible to trap chemically and physically the metallic elements inside cement matrix. S/S of soil samples resulted in strong retention of the contents of Ni and Zn; their content increased to 98.09 % for (Ni) and 99.82 % for (Zn) in the soil samples EIII and EI, respectively (Table 9 ). X-Ray diffraction results obtained on S/S treated sample EI (450/180) and EIII (450/180) are given in Fig. 6 . The soil sample EI exerted disappearance of certain mineralogical phases such as retgersite (NiSO4 (H2O)6), but the appearance of other mineralogical phases such as sodium nickel sulfite hydroxide hydrate (NaNi (SO3)2 OH H2O). For soil sample EIII the disappearance of certain mineralogical phases such as hopeite (Zn3 (PO4)2 4H2O) and the appearance of other phases, such as descloizite (Pb (Zn, Cu) VO4 (OH)) was observed in (Table 10) . Compared with the work of Berger (2009) on substitutions of metallic trace elements with the phases of cement (natural or synthetic, total or partial) we found that for the two phases found after S/S, there is a probability of substitution of (Ni) from sodium nickel sulfite hydroxide hydrate with (Al) of ettringite for sample EI, and (Pb, Zn) from descloizite with (Ca) of ettringite for Sample EIII (Table 11) .
Conclusion
This study analyzed the influence of the addition of hydraulic binder to the contaminated soil as well as of the proportional addition from cement trapping of heavy metals in cementitious matrices. Our results showed that granulometric characteristic of soil samples increased because the mineral composition of the limestone rocks dominates on the site, alkaline pH which defines the nature of the sedimentary rocks, and causes very high soil conductivities.
We identified the profiles of present major elements as well as metallic elements in the mineralogical structure of soil samples. The high concentration of Ni and Zn detected in the soil surrounding the landfill probably results from leaching with acid rain that caused a migration of trace metallic elements from waste to soil. The analyses and characterizations of our S/S samples revealed new functional groups belonging to cement phases such as ettringite and C.S.H. Further, X-ray Fluorescence results suggest that the metallic trace elements disappear from soils because they are likely trapped inside the cementitious matrices. Elevated proportion of CaO and decreased contents of SiO2 and Al2O3 in the soil samples might results from cement interaction with the soil during its hydration. AAS confirmed Ni and Zn retention rates of up to 98 %. X-ray Diffraction analyses revealed disappearance of certain mineralogical phases with metallic trace elements after the treatment. On the other hand, hydrated cement phases were identified, such as ettringite, portlandite and C.S.H in the form of tobermorite with presence of metallic trace elements. Substitution occurred between the metallic trace elements and the elements of the hydrated cement. It is concluded that the S/S process using hydraulic binders represents a promising method in the treatment of contaminated soils.
